The potential of semiconductors assembled from nanocrystals (NC semiconductors) has been demonstrated for a broad array of electronic and optoelectronic devices, including transistors, light emitting diodes, solar cells, photodetectors, thermoelectrics, and phase charge memory cells.
initio simulations to understand carrier transport, generation, and trapping in NC-based semiconductors from first principles. We use these findings to build the first predictive model for charge transport in NC semiconductors, which we validate experimentally. Our work reveals that we have been thinking about transport in NC semiconductors incorrectly. Our new insights provide a path for systematic engineering of NC semiconductors, which in fact offer previously unexplored opportunities for tunability not achievable in other semiconductor systems.
Main Text
Assembly of colloidal nanocrystals (NCs) into thin films1 is envisaged as a means to achieve next generation, solution-processed semiconductors with electronic properties (e.g., band-gaps,2 band-edge positions,3 mobilities,4 and free carrier densities5) that can be defined to match specific application requirements.6-10 This tunability is enabled by a multi-dimensional design space, where size, shape, composition, surface termination, and packing of the NCs can be systematically and independently controlled. While parametric studies have demonstrated some of the scaling relations in this design space,11-13 the fundamental mechanism driving charge transport in NCbased semiconductors has remained unclear, making it impossible to build a predictive model for charge transport in NC semiconductors or tap the full potential of NCs as building blocks for electronic materials through theory-guided design.
Here, we perform large-scale, ab-initio simulations to understand carrier transport, generation, and trapping in NC-based semiconductors from first principles. We use these findings to build and experimentally validate the first predictive model for charge transport in NC semiconductors. This predictive model allows us to design NC semiconductors with unique properties not achievable in the bulk, and the fundamental insights into charge transport set a clear agenda for the development of NC chemistry and self-assembly to realize novel semiconductors.
Only recently has it been computationally feasible to treat the full atomic complexity of a NC ab initio, and this has proven key to understanding the mechanisms driving charge carrier dynamics on individual NCs.14 In order to elucidate the mechanisms for charge transport in NCbased semiconductors, we implement large-scale density functional theory (DFT) calculations on systems containing up to 125 NC (> 200000 atoms) ( Fig. 1a-b ). As a model system, we use lead sulfide (PbS) NCs in the quantum confined regime (i.e., with radii r < ~3 nm) terminated with iodine ligands. 15 Since NC size is a parameter that is easy to systematically control in experiments, we perform calculations for different sized NCs in order to validate the resulting charge transport model with experiments. Details are provided in the
Methods.
Before we understand how charge moves across a NC-based semiconductor, we must first consider the impact of the presence of a charge carrier on an individual NC. To do so, we compute the ground state physical structure of the NCs in their neutral charge state and when charged. Upon charging with an electron (or hole), the Pb-iodine ligand bonds on the (111) surfaces of the NCs expand (or contract), while the Pb-S bond lengths remain unchanged ( Fig. 1c, Fig. S1 , and Supporting Information note 1). Thus, charge carriers on NCs are polarons. Because polarons result from electrostatic interaction of the charge carrier with the negatively charged ligands, polaron formation can be expected in any NC system with X-type ligands16 (e.g. halides, thiols, carboxylates).
Charge transfer from one NC to another thus implies a rearrangement of atoms at the surface of the two NCs. Although the shifts in bond length are small (up to 0.5 pm or 0.02% of the 3.22Å nominal bond length), the associated reorganization energy for charge transfer between two NCs, λ, is large (10s to 100s of meV) (Fig. 1d) . The reorganization energy decreases with increasing NC size due to a reduced carrier density across the NC and an increased number of ligands. In the Supporting Information note 2, we explain why it is reasonable to ignore the contribution to λ stemming from reorganization of the neighboring NCs (i.e., outer-shell reorganization).
Having now understood that charge on NCs forms polarons, we can determine the type of transport (band-like or hopping) by calculating the electronic coupling between neighboring nanocrystals, Vct.
Since PbS NCs assemble into a body-centered-cubic, face-center-cubic, and related structures,17
we consider two relative orientations for neighboring NCs: [111]-neighbors and [100]-neighbors ( Fig. 1e) . We calculate electron and hole couplings for both orientations (i.e., V111 and V100) over a range of r and inter-NC facet-to-facet distances, Δff ( The fact that Vct is more than an order of magnitude smaller than λ over the range of r and Δff of typical PbS NC-semiconductor informs us that the charge carriers, which are polarons, are localized on the individual NCs and that charge transport occurs through a phonon-assisted charge transfer (polaron hopping) between neighboring NCs.
Since the charge carrier deforms the Pb-ligand bonds upon polaron formation, charge transfer will be driven by the Pb-ligand vibrations. Ab-initio calculations of the phonon density-of-states of PbS NCs,14 backed by inelastic neutron19 and x-ray20 scattering, indicate that Pb-ligand vibrations for common X-type ligands occur at energies ћω < ~15 meV. Therefore, at temperatures above ~175K, charge transfer will occur at a rate:21
where ΔE = EP -ER (i.e. the energy of the products minus the energy of the reactants) and NP is the number of degenerate product states ( Fig. 1f) . At temperatures below ~175K, transfer rates will saturate to their temperature-independent, low temperature limit (Supporting Information note 4), or, in the presence of disorder, transport will transition to an Efros-Shlovskii variable range hopping regime.22
Assuming a NC-semiconductor of isoenergetic NCs and no applied field (E = 0), Eq. 1 predicts charge transfer rates on the order of 10-100s ps for PbS NC-semiconductors at room temperature, in agreement with recent measurements.13 Since intra-band carrier cooling rates in PbS NCs proceed at 100s fs times scales,23 the reactant and product states are thus the highest occupied electronic states (in the case of hole transport) or the lowest unoccupied electronic states (in the case of electron transport). This is in agreement with experimental measurement of the mobility band gap in a NC-semiconductor scaling linear with the band gap of the individual NCs.24
In a realistic NC-semiconductor, E ≠ 0, with differences in the alignment between the highest occupied (or lowest unoccupied) states of neighboring NCs contributing to E. Since a large E will have significant impact on the time scales of transport, it is therefore critical to understand and control the energetic landscape within a NC solid. One contribution to E is the distribution of the individual NC bandgaps, stemming from size and shape disorder of the constituent NCs. Here, we demonstrate oxidized or reduced doped NCs in the NC-semiconductor also form electronic traps in NC-semiconductors.
An individual NC is doped according to the oxidation-number sum rule:28,29
where Nx is the number of the cations (C) and anions (A), and I are the impurities and ligands with valence Vx comprising the NC. Doped NCs will in general be energetically unfavorable;
however, small densities of doped-NCs are to be expected through reaction kinetics.29 For PbS-NCs for example, an excess of Pb during synthesis can lead to a small fraction of n-doped PbS NCs, and exposure of PbS NC-semiconductors to oxygen leads to p-doping.
We compute the electronic structure of a NC-semiconductor containing a single n-doped NC surrounded by intrinsic NCs (Fig. 2a) . For reference, the electronic structures of isolated intrinsic, n-doped, and oxidized n-doped NC (with net charge e+) are shown in Fig. 2b . In a NC semiconductor, if the n-doped NC is not oxidized, its energy levels remain aligned with those of the neighboring intrinsic NCs (Fig. 2c) . However, oxidation causes a shift in the energy levels of the n-doped NC as well as its neighbors (Fig. 2c, Fig. S3 ).
Within a NC-semiconductor, oxidized n-doped NCs thus behave as electronic traps for electrons and as barriers for hole transport. Equivalently, reduced p-doped nanocrystals present traps for holes and barriers for electrons ( Fig. S4) . Defining the trap depth (ET(r, Δff)) as the extent of the shift of energy level in an oxidized or reduced doped NC relative to a NC infinitely far from the doped NC ( Fig. 2d, Fig. S5 ), we find that our calculated trap depths agree with the experimentally measured trap depths19,24 as well as the charging energy of the NCs computed using the measured size-dependent dielectric constant for PbS NC-semiconductors. 30 Thus, while trap states have been typically ascribed to mid-gap electronic states on individual NCs, they are in fact, charged, doped-NCs in a NC-semiconductor.
In this picture, trapping and release of charge carriers from traps is thus simply phonon-assisted charge transfer between the highest occupied or lowest unoccupied states of neighboring NCs with rates given by Eq. 1, where ET(r, Δff) is included in E. Doing so results in release rates on the order of 102 for r = 1 nm NCs and up to 108 for r = 3 nm, in agreement with the rates characterized previously with thermal-admittance-spectroscopy19 (see Fig. S6 ).
These results also indicate that the excess carrier on a doped NC must overcome a large energetic barrier (equal to ET) to become a free carrier in the NC-semiconductor. Particularly in small NCs, where ET is large, free carrier densities in NC-based semiconductors will be negligible even when large densities of doped-NCs are present. For example, for a semiconductor made of r = 1.6 nm PbS NCs, assuming 1% of NCs are n-doped, the free electron density at room temperature will be ~1012 cm-3, in stark contrast to the total density of n-doped NCs, ~1016 cm-3. However, the formation of a space-charge region can lead to oxidation (or reduction) of the doped NCs, resulting in high trap densities.
To summarize, our large-scale DFT calculations provide several key insights into charge transport in semiconductors assembled from NCs: 1) charge on individual NCs forms polarons, 2) charge transport occurs via phonon-mediated charge transfer, and 3) oxidized or reduced doped-NCs become electronic traps states within the NC-semiconductor.
We experimentally validate these insights into charge transport in NC-based semiconductors by performing time-of-flight (TOF) photocurrent transient measurements4 (see Methods, Fig. S7) . In a TOF measurement, a laser pulse generates a low density of charge carriers in the NCsemiconductor (Fig. 3a) , and the displacement current generated by the electrons or holes traversing the film of thickness d is measured for a range of biases across the device, VB, at temperatures T ~220 -330K (Fig. 3b) . The resulting transients can be fit with two distinct power laws at short and long times (Fig. 3b) , with their intersection taken as an effective transit time, ttr(VB,T). ttr(VB,T) corresponds to the maximum of the statistical distribution of carrier transport times across the device, and, by fitting ttr(VB,T) simultaneously for all temperatures T and biases VB (Fig. 3c) , it is possible to extract an effective mobility, :
( , ) = ( , ∆ , )
where VB0 is the built-in field in the device. The long-time portion of the transient reflects the large dispersion in carrier transit times, and are discussed further in Supporting Information note
6.
We first note that, in the limit that the potential drop across neighboring NCs is smaller than the reorganization energy ((VB + VB0)(2r+ Δff)/d << λ), we can use Eq. 1 to write:
( , Δ , ) = and thereby extract Vct and EA from experiment (Fig. S8) . We find good agreement between the experimentally extracted Ve* and Vh* and computed values for electron and hole coupling in the [100] direction (Fig. 3d) . The extracted activation energies, which range from 70 meV to 150 meV ( Fig. 3e) , are larger than those expected for a NC-semiconductor with no energetic disorder (EA = λ/4 ~ 10 meV to 40 meV) ( Fig. 1d) 
where Eg,i is the band-gap of NC i, Ez is the electric field across the NC-semiconductor (assumed to be in the z-direction), and ri are the coordinates of NCs. For our simulation, we construct artificial NC semiconductors having the thicknesses and containing the different sized NCs that are investigated experimentally with TOF, and simulate current transients for different biases, carrier types (electrons and holes), and temperatures. Only the density of trap states as a function of NC size, pT(r), is left as a free parameter (Supporting Information note 7) . The examples shown in Fig. 4a highlight that all simulated transients (red lines) match the measured transients (blue lines), both the effective mobilities defined by ttr(VB,T), as well as the long-time (t > ttr(VB,T)) dispersion of the transients. We find trap states densities selected to achieve agreement are within the expected range, and otherwise, no fitting is carried out to achieve the agreement between the simulated and experimental current transient measurements.
This predictive, multiscale model can be used to systematically design next generation NC-based semiconductors. Here, we consider how to overcome one intrinsic limitation we identified, namely the one-to-one correspondence between the free carrier generation in a NC and the formation of deep traps.
In Fig. 4b , we plot the simulated relative mobility of a PbS NC-semiconductor, (μeff / μ0), defined by the time required for ~63% of the carriers to traverse a 400 nm-thick film, as a function of bandgap disorder σEg and trap density ρT, relative to that for a trap-and disorder-free NCsemiconductor, μ0. While band-gap disorder has a similar impact on carrier mobility for both small and large NCs, the impact of deep traps can most easily be mitigated by using larger NCs, or by significantly decreasing Δff (e.g. through epitaxially connected NC-semiconductors 11) since ET(r, Δff) decreases with increasing r and decreasing Δff).
Our insights enable us to identify a more flexible approach: a NC semiconductor composed of intrinsic NCs can be doped with p-or n-doped NCs with bandgaps larger than that of the intrinsic NCs. With proper selection of bandgap, the shifted highest occupied state of oxidized p-doped NCs or the lowest unoccupied state of reduced n-doped NCs will align with the highest occupied states or lowest unoccupied states of the intrinsic NCs (Fig. 4c) . This simultaneously eliminates deep traps and energetic barriers for thermal release of carriers, and leads to multiple orders of magnitude higher mobilities and free carrier densities. Such a strategy can be achieved with a bimodal size distribution of NCs or with equal-sized doped NCs of a different core material (and thus different bandgaps).
In summary, our insights highlight the need to reframe how we think about charge transport, 
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